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FLIGHT INVESTIGATION OF THE EFFECTIVENESS OF
CONTROL DEVICE FOR PERSONAL

By WILLIAM H. PHILLIPS,HELWT A. KUEHSEL,and .

AN AUTOMATIC AILERON TRIM
AIRPLANES ‘

JAMESB. ‘WEIITTE.N

SUiVfMARY

A@ight ‘investigationto determinethe e~ectivenew of an au.to-
rnaticaileron trim control deviceinstalledin a personal airplane
to augment the apparent spiral stability has been conducted.
The deviceutilizeg a rate-gyro sensing elementin order to switch
an on-o~ type oj control that operates the ailerons at a$xed rate
through control centering springs. An analytical study using
phase-plane and analog-computermethodshas been carried out
to determine a desirable method oj operation jor the automatic
trim control.

Rmult$ indicate that tb device is capable oj maintaining the
airplane in equilibrium over its operational speed range under
directional out-oj-trim conditions that would cause rapid diver-
gence oj tl~ebasic airplane. The device also prevents excessive
heading wander and airplane gyrations in turbulentair without
pilot control, A meansjor holding the airplane in a stabilized
turn tofacilitate mild maneuveringthroughthe automaticcontrol
is provided.

INTRODUCTION

As a result of the present interest in the spiral-stability
problem associated with most personal-owner airplanes, the
National Advisory Committee for Aeronautics has undert-
aken a program to investigate the efl’activeness of a spiral-
stlability augmenting device, The specific problem facing
the pilot of u personal-owner airplane is to maintain his air-
ph-me in wings-level fllght during times when ho has no natu-
ral-horizon reference and to keep the airplane. from diverging
spirally while he may be preoccupied with navigational prob-
lems. It is demonstrated in rofwence 1 that tk pilot’s sense
of orientation is unreliable in the absence of u visual refer-
ence, as may he the case when inadvertently or unavoidably
encountering instrument weather. Also, many personal air-
pknos are. equipped with only the bnsic instruments for in-
strument fligl] t (turn inclicator, ball-bank indicator, alti-
meter, and airspeed meter). Considerable proficiency i~
instrument flying is required t,o int crpret tlm indications of
these instruments properly and, in many cases, personal-
airplane pilots are not sufficiently skillecl in instrument flying
to undertuke it with safety,

AILhough most present-day personal-owner airplanes,

particularly those with high-wing designs, possess a slighL
degree of inherent spiral stabiliLy in cruising flight (ref. 2),
they show unstable spiral tendencies under operational con-
ditions. The main reasons for this apparent spiral instability
are a lack of means for trimming the airplane laterally or
directionally, a variation of lateral and directional trim with
airspeed, ancl control-system fric Lion wilich prevents the
control surf aces from returning to trim position after a con-
trol deflection, even if there had been a means for initially
trimming the airplane.

The use of preloadcd control centering springs to allwitite
the control friction problwn is reported in reference 3. In
reference 3, con Lrol centering devices were used on the
ailerons and rudcler with mechanical trim devices built. into
the centering units, The results of this investigation show
that the apparent spiral stability is improved by the use of
control centering springs as long w the surfaces arc precisely
trimmed for a particular flight condition. III order to be
completely satisfactory, however, there is need for a means of
automatically compensating for the late.rul and directional
trim changes resulting from changes in airspeecl, power,
lo,acling, and altitude.

The purpose of the present investigation is to cletwmine
the effectiveness of an automutic trim device intended to
compensate for the aforenumtioneci variables aflecting lat eral
and directional trim. The automatic trim device is designed
to cleflect the ailerons by shifting the trim position of prc-
loaded control centering springs in order to maintain zero
yawing velocity,

In the course of the analyses and tests, itt became ~pparent
that with certain minor additions the aileron cent rol device
could perform functions o tl.wr than simply keeping tho air-
plane trimmed laterally. It was possible for the device to
provide rapid recovery to level flight from a banked attitude,
to maintain a heading in smooth air with controls free for
fairly long periods of time, to discourage large heading
changes during flight in turbulent tlir, and to allow accurate
corrections in heading for navigation purposes. In these
respects, the aileron control d wice performed funct ions of an
autopilot with consiclembly less complication Lhan tiny
conventional autopilot known to be in use at present,,

ISwm?edes NACA Twlmical h-ote3637by WilliamE. Phillips, Helmut A. Kuehnel,and James B, WhItten, 1956
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SYMBOLS
witlg spat], ft
m’ljitlrary c.onstantl of i]lt egrut ion
lift coefficient, Lift/qS
lateral-force cocffic.ient
va ritit.ion of Iateral-force coeffic.ientl with sideslip

wlap

wriation of lateral-force. coeflkientl with rudder
cleflec.tion, wylad,

Rolling moment
rolling-momenl coefficient,

(JYb
Varifl.tion of’ rolling-moment c’.oeffichmt with rolling-

1

pb
wygulw-velocitly factor, aol &-

2V
variation of rolling-moment} coefficient wi th yawing-

1
ti.IlguIwveloc.it y fact Or, acl a~v

variflt iot I of rolling-moment. coc4Rcient with sideslip,
ac,jafi

varia.t iou of rolling-mom(w 1 coefficientt with aileron
d(}flwtion, acrlaaa

Yawiug moment
y awing-mom e[~t}coefficit’n t,

@b
wria t1011 of y~lffritlg-lllolllelltl coefficient. wi th rolling-

a.ngular-velocit y fitct W, ac
i pb

‘/ afi7

vari~lt ion of .yawil Ig-momel]t c.oellicieni w-ith ytiwing-

/

rb
mgulur-velocity fwl or, acjl a—,

21’
vnriai ion of ywit’illg-lllolllclltl coefficient. with sicleslip,

ac’nlap
variation of yaf~’il]g-lllolllellt, coefficient with rudder

defleet.ion, ac..laar
accelemt ion due to gm vit :V
indica.tecl altitude. ft.

b ~,,
cwmt w L used iu phtlse-phlne romput tit.ion, - —–

4 Ctaaia

mt.io of rndius of gyrut iou about X-axis to span
mtio of radius of gyration about Z-axis to span
gearing constant (fig. 4 j

period of owillation, sec.
ro~ling anguhw vclocit y de#sec
dynwnic pressure
yawing nngulw velocity, deg/sec
wing area, sq ft
time, sw
airspeed, ft/sec
indicawl aimpecd, mph
a.ng]c of sidcslip, deg
total aihwon deflection, dcg
tot al-a.ileroll-clefle{’tioll rut.e, cleg/sec
total zmt.onmtie. aileron angle, deg
inititil vnluo of aileron tingle, deg
LilLangle of spin axis of rate gyro, deg
rudder deflection, deg

lhlss
P airphmc relat ive-clensitly coefliciwl i, — -

ptlb
P air density

4 angle of roll, deg
inititd angle of rolI, deg

? angle of yww or heading change, deg

Total aileron deflection is used throughout, the r(’port.

PRINCIPLE OF OPERATION OF THE AUTOhiATK! AILERON
TRIM CONTROL ‘DEVK’M

The tmt.omut.i(! uileron trim col~trol dwiw as migimdly
proposed consisted of tin imprownumt of the mw~mdly
trimmed prdowlcd rent ering springs whirh Imd bwl 1 pre-
viously applied to the nilercm wd ruddw controls of 11
person&owner airphme (ref. ~). Tho imprownwnt twin=
sisted in making the trim auionmf i~!by slowly shifting t Iw
trim position of the springs IJY means of It mull Awl rir
motor. The direct ion of rot nt ion of the motor w:ls ron-
t.rollecl by a pnir of rontwts on U gyro srnsit iw to jwwing
velocity,

With the automtit ic trim fmt we prewnt, the US(’of dl!rires
on both the. ttileron and the rud~lw t:ontrols was euiwidtwwl
unnecesstiry. The aileron control was sc’icctcd w t Iw most
desirable for incorpomt.ioll of the dwice, bemus~’ t II(: ilihwm
defl ect.ion and force required to offset. itll out-of-trim roll[l i-
tion (such m might} be cuused by mymnwtril: fuel wwmq}-
tion, power changes, or airspeed Amgwj mc usmlly murh

less than the rudder MM ion timl for(’e, nncl tmwusu thl!
sicleslip angle re.suiting from the tiilerons is, in nmsli rww~
lws than that from the rudder.

The. use of a slow-spew] on-of!i type of mol or lIw t lit?
advantage of redwing the povw rcquirtiti to oplvwt t’ l.1~[*
clm’ice. The power recluiremcwts m: rrduced hoLt1 hwtusc

the total trowel provided by the motor whirh opwwl w thr
fiilerons should he enough to offwt only pmsih]e out-o f-t ri 1]]
moments on the airplanq Und I)(’(’UUSC thp ntlc of ml}tio]l
can be relatively 10W. Xlost ~~(Itopih}ts ui ilim a swvomotor
which provides a cent ml defhwt io]) pmport i~mid to t lJ(’
quarttit.y sensed. This arrungwmmt NWuires the swwmotor
to operate rapidly enough to follow short-period mot i(ms I}f
the airplane; ot hwwise, t h~’.lfig in the col~[rwl opw:ll ion might
cause dynamic instti.bility, The resulting power rwp]irr-
mcnts are much grent w tlml] WOUMbe nwdwl to op(mit r
the controls ut n slow rate to oft’wt. t.h~ spi.rid diw’rgcnw of un

a.irphme.
A gyro sensing angulw wlociiy was select cd to opww t i!

the device because. such a gyro is simpler wd Iess expwsi w
than a displac.envmt gyro, Bwausc tingh: of roll is propnr-
tiomd to yawing velocity during a st wwly t mm, u yilw rut r
gyro performs the wune function in t.lw pwsont appliwt hm
as a. roll a tt it.ude gyro. Both these instrunwtlis wwuld t~}lvt’
the clisaclvs,nttige of allowing slow chunges in hewling withi]l
the resolution of the instrument. A nwms of Ww[i]lg (lirw-
tion with respect to geographical or nmgwt iv rrfwww(:s
woukl be required t.o nmint nin hcnd illg m 1M unt ovw 1(-)Ilx
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periods of time. Because the main purpose of the present
device is to prevent excessively steep spirals during instru-
ment flight, the rato gyro was considered adequate.

The preloaded centering springs were considered an
essential featu.rc of the device in contributing to safety under
emergency conditions. These springs require a definite force
to displace the aileron control from the trim position. If,
under instrument conditions, the pilot, becomes disoriented,
he is assured that on releasing the control the ailerons will
snap to the position required to maintain the wings level.
With a less positive method of applying torque to the aileron
control system , coutrol friction might, interfere with the
correct operation of the device. The prelocided cent wing
springs were shown in reference 3 to be deshwb]e during
cross-country flight where frequent maneuvering is not
required. Provision could bc made, of course, for reaclily
disconnecting the device under contact flight conditions if
desired.

The preceding discussion has presented the justification
for the basic idea of the aileron trim device. This clevice
is now analyzed by using phase-plane and cumlog-computer
methods. Ilodifications for overcoming stability problems
associcd ed with the basic system me discussed.

ANALYTICAL STUDY OF AUTOMATIC AILERON TRIM
CONTROL DEVICE

PHASE-PLANE AND ANALOG-COMPUTERSTUDY

A nonlinear system such as the aileron trim device maybe
analyzed by the phase-plane method. In this rnethocl, the
motion of the system is calculated by plotting velocity
against clisplacement, For the present system which is
intended to maintain the airplane near zero roll, a plot of
rolling velocity as a function of roll displacement is most
suitable.

The trajectories of the motion in the phase plane may be
readily talc.ulate.d under the simplifying assumption that,
for the long-period motions under consideration, the rolling
velocity is proportional to the aileron deflection. This
assumption neglects lag in development of the rolling motion
and considers the inherent spiral stability or instability of
the airplane to have a minor effect on roll rate as compared
-with aileron deflection. The rolling velocity is then given
by the formula

~b 6.C18
_=—s
277 cl,

or

If the ailerons are assumed to move at a constant rate &, then

Hence,

(1)

and

If t is eliminated between e.quatious (1) ancl (2),

—+-c~_P2b CIP
l?.4v C,a

a

Hence,
Kp2

+’~+c

(q

(3]

(4)

l?rom this relation, the trajectories in the phase plane are
seen to be parabolas. These trajectories are sketched in
figure 1 (a) for the partic.ulw set of conclit ions given in
table 1,

In a steady turn, the relationship be.twcen rolling and
yawing velocity is

7’7

If it is assumecl that short-period oscillations are absent,
the gyro sensing yawing velocity will cause tlM ailerons to
reverse -when @= OO. If the airplane is released from an
initial roll angle with the ailerons in the neutral position,
the action of Lhe c.ont,rol clevice will, therefore, cause the
airplane to follow a trajectory shown by the heavy line
in figure 1 (a). This trajectory represents a continuous
oscillation of long period, the amplitude of which equals the
initial roll angle. The periocl of the oscillation is given by
the formula

,-_

(6)

It may be noted that provision of a cleacl zone between
the gyro contacts will not ackl dwnping to the oscillation.
The trajectories in this case arc shown in figure 1 (b). The
ailerons remain fixed when the contacts are in the dead zone.
The airplane, therefore, coasts across this region with con-
stant rolling velocity.

Inasmuch as the preceding analysis required several
simplifying assumptions, a more exact analysis was maclc by
utilizing a Reeves Electronic Analog Computer (l%EAC).
In this analysis the lateral motion of the airplane was
represented by the conventional cquatious using three
degrees of freedom. The. airplane characteristics assumed
are given in table I. These cha.ract eristics are not inhmclecl
to apply to Lhe airplcme laLer used in the flight investigation.
The ailerons were assumed to move at a constant rate and
the rate was assurnecl to reverse instantly when the ynwing
velocity passed though zero. E’irst, a time history of the
motion of the uncontrolled airplane when it is releasecl from



50s REPORrr 1304—NATIONAL ADVISORY COMMITTEE FOR AEROXAIYHCS

TABLE L-FLIGHT CONDITIONS AND PARAMETERS USED
FOR PHASE-PLANE AND REAC COMPUTATIONS

‘r, Illpll ---------------------------------------------- 140
~, ft---------------------------------- ---------------- 32.8
t3a,deg/sec -------------------------------------------- 0.5
K, ft./raclial~/sec--------------------------------------- 4,470
CIPper radian ------------------- --------------------- – 0.45

Clt per radiatI --------------------- ------------------- —0.0945
a

CC~ljerradiall----------------------------------------- –0.05t35
Cl, per ra(liall-------------- -------------------------- 0.0612

C’ndper racliall ---------------------------------------- O. 0W25

Cfl,,per l’adiall --------------- ------------------------- –0.0144

(“:,,,per radian ------------------ ---------------------- –0.103

C,ZJ,pcrl'adiall ---------------------------------------- O. 0825

Cr~ller radiatl --------------------- ------------------- –0.407

Cyf, per radiatl --------------------------------------- O. 0756

Ax---------------------------- ---------------------- (t. 10:3
Kz------------------------------ -------------------- 0.168

Mass 5.63
“ ,0A%--”--------” --------- ‘---”-----” --------------
CL----.---.-.---..---------=---- ------=--------------- 0.278

g 20, I I I ,, . I

10‘
t

01 f I ! I

-5

1
,..o&a$

~<, ,+, lpl~ I I I
-t’-so -60 -40 -2o 0 20 40 60 80

-’”t /“ AEk
Angle of ro!l, 1#,deg

(a) No dead zone.
(b) A dead zone in the gyro contacts.

FIG URE1.—Trajectories of the assumed airplane motion in the phtLse
plane for the conditions given in table I with automatic con troI
reversing when 0= OO.
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FIGURL2.—Ctrndudw3.
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to ncutwd when the roll angle. is zero. Ideally, the aileron
rate should reverse on a “switching curve” consisting of
the traj twtory on the phase. phme passing through the origin,
as shown by the clashed-line curve in figure 3 (a). The
airplane would then perform a dead-beat return to zero roll.

As an approximation to this icleal pambolic switching
curve, a straight line may be used, as shown in figure 3 (b).
Initially, it was proposed that this method of operation be
mechanized by applying to the gyro gimbal a torque pro-
portiotml to aileron deflection. Since rolling velocity is
proportional to aileron deflection, this torque will cause the
gyro cent acts to reverse when a certain ratio exists between
rolling veloc.it y and yawing velocity. A typical REAC!
solution for this arrangement, is shown in figure 4. This
figLlrefllust~~testh~t.a returntozerorollin8 seconds may be

obtained with little overshoot even with a rate of total
aileron motion as low as %0per second.

The methocl of obtaining damping of the. motion by
applying a torque to the gyro gimbal proportional to aileron

20 1(a)

[5 -“

‘1
10 -

Switchingcurve--”

5 -

0

-5

[
-lo

~
1,

\o
I I

:- ‘1280 -60
I 1 I I I 1 t I I I

-40 -20 0 :0 40 60 SO
s Angle af rail, +,deg
.=

I (t)]

0 / 1 v I [

jl
-60 -40 -20 0 20 40 60 80

Angle of rail,+, deg

(a) Control reverses on ideal switching curves.
(b) Control reverses on a straight-line approximation to the ideal

switching curve.

Figure 3.—Trajectories of the assumed airplane motion in the phase
plane for the contltiom giixm in taMe I with automatic control
reversing as the motion crosses the switthing curve.

Right 4

Tatal aileron 21
angle,

Ba, deg 2 :
Left 4 -

%

ra

),
Right 2

a

m Matar
Angle

af sideslip,
B, deg

Left lo~2

Time, t, sec

Figure 4.—Time history of the airplame motion obtained on the REAC
with the automatia control reversing -when T+ ~l& = O. (~~1 is a

gearing constant.)

deflection has the disadvantage that, if any aileron deflection
is required for lateral trim, the airplane will stabilize in a
steady turn rather than in a straight course. A method
was, therefore, sought to slowly wash out the aileron-
deflection signal under steady conditions. Analysis and
flight testing of clevices operating on this principlo were
conducted, but none of these devices were as simple as
desired. Eventually, it was realized that the cle.sired re-
versal of the gyro contacts at a, given ratio between rolling
and yawing velocity could be obtained by tilting the spin
axis of the gyro. This method does not have the disaclvan-
tage. of making the airplane stabilize in a steady turn under
out-of-trim conditions. The method appears so much
simpler and more advantageous tlmn the others triecl that
no further discussion of any other method is presented.

CALCULATIONOF OPTIMUM GYRO TILT

In order to compute approximately the desirecl angle of
tilt of the gyro, the relations developed in the previous
phase-pkum analysis may be employed. Assume a gyt’o
with spin axis tilted at an angle ~, from the flight path.
The. components of yawing and rolling velocities about the
sensitive axis are shown in figure 5. The gyro cent acts
reverse when the resultant of the components of yawing
and rolling velocities about the sensitive axis equal zero,
that is, when

r cos 60+p sin 8fl=0

Hence,

–tan &=r/p (7)

. The relation between r and p required for reversal of the
gyro contacts to obtain a clead-beat return to zero roll is
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.,

.Spm axIs of gyro /
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L

FKWRM5.—Gronwtric relationships used in the conq.mtation of tin
optimum gyro tilt angle.

obtained from the equation of the pha.sc-p]ane t.raj ectory
that passes through the origin. For
be shown from equwlion (4) that

4;=+l~

this trajectory, it. may

The value of ~ is zero for this trajectory, and the minus sign
is used to correspond to trajectories for which d and ~ hu.ve
opposite signs. Substituting the value of @ from ecluation
(5) into the left-hancl side of this ec]uat ion gives

!’ (~%~~{,–”
-=–*@
P

If this value. is equt-ttwl to the value of r/p in equation (7),
the value of gyro tiIt, which gives a dead-beat return from
any given rol! angle @ may be determined as follows:

For the conditions given in table I (~= 140 mph) aucl an
initial roll angle @of 40°, the gyro-tilt angle is 38.4°, with
the gyro inclinecl nbove the flight path. If the airspeed is
reduced to 90 mph! the tilt is 55°. PiTotc thut the change
in angle of a.ttad~ due to the. reduced airspeed automat,ictdly
provides some irtcremw in gyro tilt in the required direction.
For the part.icuhw condition um.ler c.onsiclerwtion, the amgle-
of-ti.ttacli change of about 10° M the airspeed is reduced
from 140 mph to 90 mph is compmwd with a change in t.ilt
of 16.6° mlcula ted for optimum response.

DESCRIPTION OF APPARATUS

~ picto-rid diagram and circuit-wiring diagram of the aut.o-
nmtic. control device is shown in figure 6. The pictorial
diagram indicates schematimdly the int erconnect,ion of the

various components deseribcd subst’qlwntly. ‘1’lw iutw-
connection is shown iu detail itl t k circui~-w king ditlgranl.

A photogmph of the rate-gym imt alhl timl is slmlr~l ill
figure 7. This gyro is U }Vell-c(lllstr[lctctl unit t:dwll from
other equipment and is pmlmps larger and more sensit iw’
than necessary for the job. The unit has u 5.2-wmr(! rolor
with a rotor monwnt of inwt iti of about 0.24 ]1~-in.~illu] I’r-
quires 2S vohs tit: 0.22 wnpwv. Tlw unit hm Imill-ill
electrical contacts aud a means Ior clcclricully Uppl.villg It
torque about the gyro precession axis.

The a.ctualor unit, wmsist ing of t.ho prohmltvl t~ilwt.~1~
centering springs and the clec.tric motor tmd gym’ Im, is

shown moun t.cd on the. control cuhunu it] figure $. ~Jig{lr,*

9 shows the force chmuctwistirs of the ttilwon cot~lrol sysl (’m
as measured on the ground. As seen from this ilgurl’, Ilit’
preload is about. equal to tht’ st.wtic (’t]~ltl’(]1-systcr~~frictiow
The electric motor is a small, pwmanmt -n~~iglwt typ(~ of
unit internally reared down to 250 rpm. I?xlernul gv:wing-- .,
of the motor reduces the jark-wrew rot 11tiold spwd to tltmu [
42.4 rpm. The resulting linear speed of the jtirk-srrew uu 1
is about 4 in,/min and results in total dcf]twtioll rtllu of lhu
aileron of 1.5° per second. Automat it-lot al-ailwm lmvvl
is lirnit.ecl to about, + 5°. The power req uirenwnt for t tw
actuator is about. 0.2 to 0.3 ampcru at 2S w]lts umlw mwnml
load. ~hmutd aikron rent.rcd of dw Uirphuw is avni]u lJk’
at, all t.imcs by overpowering W preloadwl mn trol C(W1wi tlg
springs.

Swit chw sensitivo to tiilemn wheel form are moullf WI
between the control-wheel shafh and th~ cent rol w]md.
About 2° of rotationtil free play is provided WWW’11 t I](?
wheel and shaft.. Two nticroswitc.hes me mount ell rigidl}
to the wheel shuft, ~md an mm that rests betwctm the nlicro-
switeh buttons is mounted rigiclly to the mm t.rol wlm’]. ‘I%(’
control wheel is prdoadwl to tlw centrr of thu frre-pl~~,s
zone between wheel and wheel shtdl. This preloiid is ad-
justed to maintain both of the switches in wl oft’ comlit iwl
when no force is applied to the wheel. -~ ~J]lOttJ~J’tt]l]l Of [III*

force-switch illst.allaf ion is shown in iigurc 10, tuld t.hc posi-
tion of these switches in the system is shown ill figurr 0.
These switches tire ac.tuaictl by m rulatiyely light whrcl
force (less than that of the aikmm preloMI,I ttnd, tw SW1l
from figure 6, upply a voltage t.o the torqui! coil huih it][u
the gyro unit. By this means, a torqm’ is ~q}plid tu t.lw
gyro about its prwession axis, thus chwiug II gyro WIWIW
and exciting the aihuun servornot.cw. Thr rwult i]lg tlilwt HI
cleffcctiou establishes a turn mte which will st ~il}iliw }~L[Ii{’
point Where the precession torque due to t IN: turn rat(’ is
equal and opposite to the eh’ctlricn]ly tippliwl prwwsiotl
torque. An electlrictil prwwssion torquu cquivolellt, to t lult
resulting from a turn rtlte of 3° per second was usml.

The control circuitry consists of a relay pair w:tln] t r’d 1).s
the gyro contacts for the purpow of switching [he AI t.ivcl.v
high current. t.o the tictuu&or motor [hrough lwavy rvluy
contacts inst ew.1of t.hro ufgh t.hc light gyro conlacls. PrtJvi-

sion is also made for manually motoring the ac.tmltor, ut](1
a pair of pilot. lights is provided LOindicate the dirvei iol i of
actuator excitation.
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Force–sensitive switches -.. ,,Force-switch preloaded

(about 2° free play is pro- ““S. / centering spring

“Battery connection

e of airplane

-\ -

?/Precession axis------- ., .4

‘i
.. ,

A

A?Electrical contacts ------ - (

(C-1)

Spin axis--------

Q
/,,

Automatic-control
actuator unit

,,.,Aileron preloaded
,’ centering springs
,,...dack screw

,,./Engage knob
/’

-.--Gear box

‘---Actuator motor

Control box

(contains relays to switch
power from gyro contacts
to actuator motor)

....
“-Indicator lights
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F1ouR~ 7.—Phot.ograph of rate gyro im.tailed in the test airplane.

TEST AIRPLANE

The test vehicle- used for this investigation is a tiypicd
high-wing personal-owner nirplane shown in the photograph
in figure 11. (20mp1et~ details of the airplane are td.mlated
in rc.ferenc~ 3.

The basic airplane does Dot incorporate tiny means for
directiomd trim but does have an adjustzdk bungee aileron
trim device,

INSTRUMENTATION

Stamla.rd NAQA recording instruments are employed to
recorcl indicated airspeed; pressure alt,itude; yawing velocity;
rolling veloc.it y; heading change; pitch angle; sidedip angle;
roll angle; and nornd, t.mmsverse, and longitudi~]al accelerat-
ion and control positions, referred to the fixed surfaces.

Static and clynwnic pressures for the altitude and airspeed
recorders are t.ake.n from the a.irplanc system which Ims an
approximate ?&hord boom mounted on the leading edge

Aileron control ‘
chain 1

Existing longitudinal 4
trim control ,

Engage knob i

1
Existing lateral I

trim control 1

Automatic”
actuator

.cont[
unit

(a)

“01-

(b)

‘z~~”””” ““”‘“ ““” “n

““/K- FOrce1
121 I t I I I L-–--. l_l -!.. I ._ L.. I ~ ! I ! ! ..J

40 32 ;4 16 8 0 8 16”” 24 32 4(3
Left Right

Total oilemn cteflectian, S., deg

FIGURE 9.—Grmmcl measurement of thu prtkmdrd :tilwon wntlv-ing-
spring force-deflect ion char: tctcrist im with inrrwtsing Nnd dwm ,:tsi t~g
wheel force.



INVESTIGATION OF THE EFFECTIVENESS OF AN

FIGITRII10.—Photograph of the force switches nwunkd on the control
wheel shaft of the test airplane.

FIGURE 11 .—Photograph of test airplane.

of the wing at ubout one-half span. The airpkme pilot’s
instruments are supplemented with a gyro horizon and
directional gyro to assist in pilot evaluation of the effec-
tiveness of the automatic device.

AuLomatic-control actuator position is recorded and pre-
sent ed as control aihwon deflection on the time-history plots
presented subsequently. This record trace provides a sensi-
tive measure of aileron deflection when the pilot is not over-
powering the preloaded centering springs. Centering-spring
position is also recorded on an NA(2Acontrol position recorder,
and the plot is calibrated in terms of total aileron deflection.
Deflection of the centering springs as indicated by a move-
ment of this trace indicates that the pilot is overpowering
the preloaded centering springs.

hTeither of the previously mentioned two quantities were
recorded with the automatic control discngagecl.

DISCUSSION OF RESULTS

Performance of the automatic aileron trim control system
used in this investigation and a comparison with the basic

AUTQMATIC AILERON TRIM CONTROL DEVICE 513

airplane (airplane without automatic control) are shown in
figures 12 to 21.

BASICAIRPLANE

Figures 12 to 15 document the performance of the basic
airplane when released from about a 20° roll angle and when
directionally out-of-trim because of a speed change from
trim speed. The test airplane is rigged to be in trim direc-
tionally at an indicated airspeed of 135 mph at a 5,000-foot
altitude. The aileron bungee was used to trim the airplane
laterally at the same speed, and this trim setting was nlain-
tained in the subsequent tests.

Recovery of the basic airplane from a right roll (fig, 12)
and a left roll (fig. 13) cliffers appreciably. This difference
is due to the effecL of speed change on directional trim af t.er
the controls are releasecl. In figure 12 the increased air-
speed causes the airplane to be out of trim to the right,
thus hampering recovery from the initial roll. In figure 13
the initial increased airspeed causes a favorable trim change,
thus aiding the initial return to level flight; however, the
airplane overshoots the wings-level attitude and terminates
in a right-hancl turn,

The controls are released in figure 14 after the airspeed
has been recluced .to 90 mph from a trim speed of 135 mph
and in figure 15 after the airspeed has been increased to
150 mph from the trim airspeed of 135 mph. Divergence
of the airplane due to being directionally -out of trim as a
result of airspeed change is obvious from the figures. l’hese
results should be compared with those of similar maneuvers
presented subsequently with the automatic control operating.

AIRPLANE WITH AUTOMATIC CONTROL

The auLomatic-control engagement procedure that was
followed throughout the flight investigation consisted first
of trimming the airplane laterally and longitudkally at an
airspeecl of 135 mph and an altitude of 5,oOO feet. The
aileron centering springs were then mechamict-dly engaged
to the control cables. The power switch was turned to
automa~ic, thereby energizing the electrical circuits and
putting the system in operation. The power switch was iu
standby from take-off to assure that the gyro was up to
rated speed when tests were started. The airplane was not
retrimmed laterally for the clifferent flight conditions
investigated.

A range of gyro-tilt angles was investigated to determine
an optimum _value applicable over the operational speed
range of the test airplane. At zero tilt, the automatic con-
trol produced a continuous long-period oscillation as is pre-
dicted by theory for the condition of control effort reversing
when r is zero. This theoretical result was shown in figure
2 (b). As the gyro-tilt angle was increased, the control
effort reversed before zero yawing velocity, therefore adding
damping. A gyro-tilt angle of 35° up with respect to the
airplane axis was found to be an optimum average value
over the airplane speed range., and it is the value used in
obtaining the subsequent time-history records.
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Figure 14.—Tirne history of the basic airplane motions, Pilot releases
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FIGURE 15.—Time history of basic airplane motions. Pilot releases
the controls from level flight after the airspeed has been increased
to 150 mph from a trim speed of 135 mph,

In figure 16 the -pilot perfortns a manual 45° heading
change to the right with the automatic control engaged and
releases the airplane controls from about a 20° roll angle.
During the manual-turn portion of the record it will be noted
that the pilot must hold some control wheel force in the
steady turn as indicated by the centering-spring deflection
(calibrated in degrees of aileron deflection). Also, it should “-
be noted from the automatic aileron trace that the ailerons
move to the limit of actuator travel to oppose the steady
turn. After the pilot releases the manual controls, the
automatic aileron deflection rolls the airplane back to level
flight in about 10 seconds. T’Then looking at the automatic-
aileron-angle trace, the motion appears to slow down gradu-
ally as the roll angle approaches zero, as might be expected
with a linear system rather than with the on-ofl type of
systcm used in this investigation. This apparent linear
action is explained by the rate-aqro contacts chattering at
low levels of precession torque when the angular velocity
about the gyro sensitive axis is near zero. This action con-
tributes to the smooth manner in which the system rapidly
approaches zero yawing velocity with little or no overshoot.

Performance of the system at a reduced airspeed of 90
mph with the airplane out of trim to the left is delilonstra.t@d
in figure 17 in which the airplane is released from a left
roll angle. The airplane again rapidly approaches zero
yawing velocity without overshoot. It should be no~ed,
however, that the airplane when in equilibrium is a~ some
small right roll angle because of a small right aileron .cleflec-
tion being held by thi automatic system in order to cancel
the relatively large left directional out-of-trim moments.

In order to evaluate the automatic system under opera-
tional conditions, a maneuver was performed in which the
pilot manually performs a heading change and levels the air-
plane on the desired new heading. It was then desired to
release the controls and let the automatic system fly the
airplane on the desired new headi~lg. A time history of this
maneuver without the aileron force e.witche.s is shown in
figure 18. During this type of maneuver performed without
the aileron force switches as part of the automatic system,
it was founcl that the airplane would wancler off in the direc-
tion of the recovery and settle down on a heading displaced
a few degrees from that desired. Therefore, in order to hold
the desired new heading, the pilot had to hold a force equal
to the preloaded spring breakout force in order to compen-
sate for the centering-spring deflection introduced by tho
automatic control during the steady-turn portion of the ma-
neuver. The airplane would then remain out of trim as long
as the heading was held constant since no moment was ex-
erted on the gyro to close one or the other contacts as would
be necessary for the system to retrim itself. This character-
istic was considered undesirable since a minimum force of
about 4 pounds is required to overpower the control, This
condition, of course, also prevails when it is ckirecl that a
given heading be held during precision navigation.
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FIGURE 18,—Time history of the automatic-control airplane motions. Pilot performs a 45° heading change, levels airplane on desired new
course, and releases controls. Aileron force switches not connected; l~i= 135 mph; ls~= 5,000 feet.

Consequently, tho force-sensitive switches described earlier
were added to the automatic control. Figure 19 is a repeat
of the aforementioned maneuver at 137 mph at a 7,000-foot
altitude with the airplane out of trim to the right. With
the modified system (fig. 19) the pilot is able to set his air-
plane on a desired heading, hold this heading momentarily
until the auLomatic system stabilizes, as indicated to the
pilot by the reduction of control-wheel force to zero, and
then release the control wheel, Subsequent small heading
corrections can then be made by applying a relatively light
wheel force in the desired direction, thus flying the airplane
through the automatic control. Upon completion of the cor-
rection, the wheel may again be released. By steering the
airplane through the force switches, heading changes at a.
controlled rate of 3° per second may be performad.

The nutomatic control cluring smooth air was found to
maintain a heading within about 2° over a 5-minute period
with control wheel free. During a similar test the normal
airpkmo, even when trimmed, diverged clirectionally about
70° or more.

I?igures 20 and 21 show the automatically controlled air-
phme flying on a steady heading while directionally out of

trim to the left and right, respectively, because of an air-
speed decrease to 90 mph and an increase to 150 mph from
a trim speed of 135 mph. These records were made in nlocler-
ately rough air with pilot controls free. The clirectional mo-
tions of the airplane shown in figure 20 are due primarily
to rnocleratc-to-heavy turbule~ce during this test. The auto-
matic control is seen to be very effective in correcting for the
random clisturbanc.es and holds a fairly good mean heading.
The airplane during these tests shows no unstable twdencies.
Figures 20 and 21 should be compared with figures 14 and
15 for similar out-of-trim conditions with the basic airplane.

PILOTS’ OPINION OF AUTOMATIC SYSTEM

Four pilots employed by the ~atiod Advisory ~ommit-
tee for Aeronautics have flown the test airplane and were
questioned on these four main characteristics regarding the
system performance: (1) effactiveness of the automatic. sys-
tem in coping with lateral out-of-trim moments, (2) cffectlive-
ness of the system during turbulent-air operation, (3) suit-
ability of the system for cross-country flight conditions, and
(4) aileron force chtwacteristics. These four main characteri-
stics are discussed as follows:
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(1) All four pilots me of the opinion that the automatic
system is definitely an asset to the basic airplane in handling
directional out-of-trim moments that would othcrwis”e cause
the basic airplane to diverge. The airplane with controls
free will fly indefinitely in Q safe attitude independent of air-
speed or load changes that would cause directional trim
changes.

(2) During turbulent-air operation, the automatic system
prevents the airplane from diverging because of gust dis-
turbances. The system also helps the airphme hold a more
constant heudlng and reduces random airplane gyrations in
roll and yaw, thus resulting in a more comfortable ride with
reduced pilot effort as compared with that of the basic airp-
lane.

(3) The automatic system is intended primarily as a
pilot’s aid during navigation with limited or zero visibility,
such M may inadvertently be encountered in cross-country
flight. Pilots’ opinion of the automatic system corresponds
to the data presented previously which show that the system
will maintain the airplane in equilibrium for am indefinite
period of time and allow the pilot to concentrate on naviga-
tional problems without constantly monito~ing the airplcym
attitude.

Addition of the force-sensitive switches was regarded as a
worthy addition to the system. Turn rates available by
flying though the force switches were sufficient to enable
the pilot to fly a radio-range leg during simulated instrument
flight.

In conclusion, the automatic system is considered desirable
when operating under limited visibility conditions. During
visual-contact flight, the automatic system will likewise be
helpful in allowing the pilot to relax without concern as to
the airplane attitude or to the heading changing excessively,

(4) Aileron force characteristics. due to the preloadecl
springs were considered obj actionable during visual-contact
sport flying and during take-off and landing -where large
rapid aileron deflections were required, especially during
gusty conditions. It is recommended that the automatic.
system be dk.engaged during landing and take-off since the
airplane must be under complete pilot control at these times
and the automatic trim control system is not intended to
perform any useful function during take-off and landing.
A manual engage knob as used in this device that physically
disengages the preloaded springs from the aileron cables was
found desirable. The need for applying steady aileron force
to overcome the spring preload in a steady turn was unusual
and was not, considered desirable by the test pilots, although
no strong objections were raised to this feature. hTonpilots
with limited flight experience, on the other hand, considered
this characteristic desirable, The aileron force gradient
with deflection at cruising speed was considered tolerable,
although not as desirable for maneuvering as the lighter
force gradient of the original airplane.

CONCLUSIONS

The present investigation of the effectiveness of an auto-
matic aileron trim control clevice to augment the apparent
spiral stability of a personal airplane and thus prevent spiral
divergence has led to the following conclusions:

1. The automatic aileron trim control will maintain the
airplane in a safe attitude for an indefinite period of time
over the speed range investigated (90 mph to 150 mph)
without manually retrimming the airplane.

2. During turbulent-air operation, the automatic control
helps the airplane hold a more constant heading with less
pilot effort than is required for the basic airplane.

3. An automatic control such as that used in thk investi-
gation provides considerable pilot relief and acids to the
saf e~y of cross-country fligb t, particularly during insLru-
ment-fllght conditions.

4. The increased pilot control forces necessary to over-
power the automatic control may be objectionable to the
personal-airplane pilot during visual-contact sport flying
and especially during take-off ancl landkg. consequently,
a means for rapidly disengaging the automatic control such
as that provided was found desirable.

LANGLEY AERONAUTICALLA~ORATORY,
NTATIONALADVISORYCOMMITTDEFOR AERONAUTICS,

LANGLEY FIELD, VA., January 4, 1956.
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